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Alterations in vascular function and morphology in acute
ischemic renal failure
ERVE MATTHYS, MARSHA K. PATTON, RICHARD W. OsGooD, MANJERI A. VENKATACHALAM,
and JAY H. STEIN
Departments of Medicine and Pathology, University of Texas Health Science Center, San Antonio, Texas
Alterations in vascular function and morphology in acute ischemic
renal failure. Left renal arteries of rats were clamped for 40 mm, and the
kidneys were studied 48 hr and 7 days following restoration of blood
flow. At 48 hr, there was severe oliguria or anuria. Renal blood flow
(RBF) was in the normal range, but there was a loss of RBF autoregula-
tion between 95 to 120 mm of mercury in seven out of nine rats.
Morphologically, arcuate and interlobular arteries and afferent arteri-
oles showed focal, segmental necrosis of smooth muscle cells and
diapedesis of red blood cells across their walls. At 7 days, renal function
was still severely depressed. RBF showed a slight decrease that did not
reach statistical significance, and RBF autoregulatory capacity was lost
in 8 out of 11 rats. Morphologically, vascular lesions were characterized
at this stage by marked thickening and fibrosis of the tunica adventitia
of the interlobular arteries and afferent arterioles. Structural vascular
alterations may impair smooth muscle contractile function and thus
interfere with RBF autoregutatory function in this model of acute renal
failure.
Alterations de Ia fonction et de Ia morphologie vasculaires dans
l'insuffisance rénale aigue ischemique. Les artères rénales gauches de
rats ont été clampées pendant 40 mm, et les reins étudiés 48 hr et 7jours
après La restauration du flux sanguin. A 48 hr II y avait une oligurie
sévère ou une anurie. Le flux sanguin renal (RBF) était dans les limites
de la normale, mais il y avait une perte de l'autorégulation du RBF entre
95 a 120 mm Hg chez sept des neuf rats. Morphologiquement, les
artères arquees et interlobulaires et les arterioles afférentes avaient une
nécrose focale et segmentaire des cellules musculaires lisses, et une
diapedese des globules rouges a travers leurs parois. A 7 jours, Ia
fonction rénale était encore sévèrement altérée. 11 existait une diminu-
tion modérée du RBF, n'atteignant pas Ia significativite, et Ia capacité
d'autoregulation du RBF était perdue chez 8 des 11 rats. Morpholo-
giquement, les lesions vasculaires étaient caractérisëes a cc stade par
un épaississement marqué et une fibrose de Ia tunique adventitielle des
artères interlobulaires et des arterioles afférentes. Les alterations
structurelles vasculaires pourraient altérer Ia fonction contractile mus
culaire lisse et interferer ainsi avec la capacité d'autoregulation du RBF
dans ce modéle d'insuffisance rénale aigue.
Recent studies of renal tissue samples from patients with
ischemic acute renal failure (ARF) indicate that tubular necrosis
in human ARF is an on-going process and that the maintenance
of ARF may be accompanied by intermittent additional insults
such as repeated ischemic episodes [1]. Such episodic on-going
necrosis could be explained by a loss of RBF autoregulation, so
that the kidneys are unable to protect themselves against
changes in perfusion pressure and are at a risk of further
ischemic damage if perfusion pressure falls.
In this regard, several investigators recently reported the loss
of renal blood flow autoregulation in different models of ARF
[2—4]. The mechanisms responsible for the loss of autoregu-
latory ability in ARF are not clear. The vascular response to
vasoactive stimuli was reported to be normal in the dog study; it
was suggested that a major defect in the vascular contractile
elements is not responsible for impaired autoregulation [2].
However, degenerative vascular lesions have been described in
ischemic renal injury [5—7], and because in rats with norepi-
nephrine-induced ARF the response to both vasoconstrictive
and vasodilative stimuli was decreased [8], structural damage to
the renal vasculature cannot be excluded as the cause for
impaired autoregulation.
Methods
The studies were performed in male albino Sprague-Dawley
rats weighing 300 to 350 g with free access to standard labora-
tory chow and tap water.
Functional studies. The rats were anesthetized by intraperi-
toneal injection of sodium pentobarbital (60 mg/kg body
weight), and they were placed on a heating table to maintain
body temperature between 37 to 38°C. The left renal artery was
exposed via a small abdominal incision and clamped (Codman
clamp 19-8092) for 40 mm. Afterwards, the abdominal incision
was closed and the animals were allowed to recover with free
access to food and water. Control rats underwent only a sham
operation without occlusion of the left renal artery.
Forty-eight hours and 7 days, respectively, after the renal
artery occlusion, the rats were again anesthetized with an
intraperitoneal injection of sodium pentobarbital (60 mg/kg
body weight) and placed on a heating table. A catheter (PE 50)
was inserted in the right jugular vein for administration of
Ringer's solution (0.02 mI/mm) and anesthetic as needed. A
tracheostomy was performed. The mean arterial blood pressure
(MABP) was monitored via a PE 50 catheter placed in the right
femoral artery attached to a pressure transducer (Statham 23
Db). APE 10 catheter was inserted in the left ureter and a PE 50
catheter in the bladder for urine collections from the left and
right kidney, respectively. Only those rats with a MABP equal
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Table 1. Relationship between absolute RBF (mI/mm) and RPP (mm Hg) in the control and experimental groups
RPP
mmHg 75 80 85 90 95 tOO 105 110 115 120
Control
N = 9
3.89 4.07 4.43 4.79 4.90 4.92 4.97 4.99 5.04 5.13
Group A
N = 7
3.16 3.61 3.80 3.93 4.16 4.25 4.50 4.64 4.83 5.04
Group B
N = 8
2.34 2.73 2.88 3.04 3.24' 3.38 3.53' 3.73' 3.85 4.04
Symbol: Numbers preceded by the reflect the SEM.
Data are <0.05 versus control.
i--1- .-J-—J Control group
--jGrouPA
Group B
to or higher than 120 mm Hg were studied. Ten percent inulin in
Ringer's solution was infused via the jugular vein catheter at
0.02 mI/mm. After an equilibration time of I hr. GFR was
measured over two cJearance periods of 30 mm each.
To obtain the autoregulation curves, a 000 silk suture was
placed around the aorta above both renal arteries. A short piece
of PE 160 tubing was slipped over the suture. The tubing was
then gradually compressed against the aorta for regulation of
the renal perfusion pressure (RPP). Renal perfusion pressure
was equated with femoral arterial pressure. The left artery was
freed from all surrounding tissue. Renal blood flow (RBF) was
then monitored with a small diameter (2.0-mm circumference)
flow transducer connected to a square wave electromagnetic
flow meter (Carolina Instruments, King, North Carolina) placed
around the left renal artery, near its origin at the aorta. The RPP
was then gradually reduced by steps of 5 mm Hg down to 75 mm
Hg. At each step, the RBF was recorded. Thereafter, a pres-
sure-flow curve in the opposite direction was recorded. The
results in both directions were similar. Multiple recordings were
averaged to obtain the means.
In vivo calibration of the flow probe was performed intermit-
tently. After occlusion of the aorta above the level of the renal
arteries, the left renal artery was cannulated with a PE 50 tubing
near the renal hilus and perfused with rat blood. The recorded
flow rates were compared with the infusion rates.
Morphological studies. After obtaining the autoregulatory
curves, or in separate rats, the left and right kidneys were
perfused by retrograde aortic perfusion with 1.25% glutaralde-
hyde in 0.1 M Na cacodylate buffer. The kidneys were perfused
at a pressure of 120 mm Hg until a complete washout of the
vascular tree was observed 9J.
The kidneys were then processed for light and electron
microscopy. Cross sections were taken for paraffin embedding
and the sections were stained with hematoxylin and eosin and
Masson's trichrome stain for connective tissue. In some cases,
the rest of the kidneys were immersed in fixative (1.25%
glutaraldehyde in 0.1 54 Na cacodylate) for 4 hr. Cortical and
medullary samples of different parts of the kidneys were
postfixed in osmium tetroxide for 90 mm and processed for
embedding in Epon 812. Epon sections (1- to 2-rm thick) were
stained with 1% toluidine blue in 1% aqueous borax for light
microscopy. Epon-embedded thin sections (500 to 1000 A) were
cut with a diamond knife, stained with uranyl acetate and lead
nitrate, and examined in a Philips 301 electron microscope.
From each kidney, four blocks with cortical tissue were cut and
examined.
Groups of rats studied
Control group. Sham-operated rats 48 hr and 7 days, respec-
tively, after the surgical procedure. Since both functional and
morphological results were similar in these rats, all these
animals were pooled in one control group (N = 12). Light and
electron microscopic studies were done in 12 and 7 rats,
respectively; functional and autoregulatory data were obtained
in 9 rats.
Group A. Clamped rats, 48 hr after the occlusion of the renal
artery for 40' (N = 12). Light and electron microscopic studies
were done in 12 and 5 rats, respectively. Clearance studies were
impossible due to severe oligo-anuria. Autoregulation curves
were obtained in 9 of the 12 rats.
Group B. Clamped rats, 7 days after occlusion of the renal
artery for 40' (N = 18). In 18 rats, light microscopic studies
were performed and electron microscopic studies in four.
Clearance and autoregulation studies were performed in 6 and
11, respectively, of the 18 rats.
Statistical analysis. The results are given as the means SEM
and analyzed by the unpaired Student's t test. Comparison of
the autoregulatory curves was performed by linear regression
analysis. The statistically significant difference was assigned to
a P value of less than 0.05.
Results
Functional studies. The mean weights of the rats were similar
in the three groups and averaged 325 g. Although the MABP
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Fig. 1. Relationship between the absolute RBF (mI/mm) and RPP (mm
Hg) for the three groups. Means are SEM. The broken line represents
the best determined linear regression line between 120 and 95 mm Hg
(see Results).
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statistical significance. Urinary output and inulin clearance of
the left kidney in the control group were 3.45 0.37 p1/mm and
1.25 0.12 mi/mm, respectively. Due to the oligo-anuric state
of the rats in group A, these parameters could not be deter-
mined. In group B, two rats were anuric and the rest were
oliguric. Mean values for urinary output and inulin clearance in
group B were 0.87 0.30 p1/mm and 0.11 0.03 mI/mm.
Renal blood flow and autoregulation curves. At a pressure of
120 mm Hg, the RBF was 5.13 0.27 ml/min in the control
group (N = 9), 5.33 0.49 mI/mm in group A (N = 9) and 4.36
0.38 ml/min in group B (N = 11). This lower value in group B
was not statistically different from the control value.
All animals in the control group showed normal autoregu-
latory capacity. Thus, as indicated in Table 1 and Figure 1,
decrease in renal perfusion pressure from 120 to 95 mm Hg did
not result in a significant change in RBF. Over this pressure
range, the RBF dropped only from 5.13 0.27 ml/min to 4.90
0.29 mllmin. The mathematical expression of the best deter-
mined line between 120 and 95 mm Hg is given by the equation y
= 4.052 + 0.009x with a correlation coefficient of r = 0.97. The
inflection point of the curve is located at approximately 90 to 95
mm Hg. Below 90 mm Hg, further reduction of the perfusion
pressure resulted in a progressive decrease of the RBF and at 75
mm Hg, the RBF had fallen 24% (Fig. 2A).
In group A, seven of nine rats showed complete failure of
autoregulation. In these rats, the mean RBF at a pressure of 120
mm Hg was 5.04 0.59 mI/mm. Although at no point in the
curve was RBF in group A significantly different from that in
the control group (Table I), it is clear from Figures 1 and 2B that
autoregulation in these seven rats was abolished. The best fitted
line between 120 and 95 mm Hg (for absolute flow) is given by
the equation y = —0.127 + 0.043x (r = 0.98), with a slope
significantly different from the control group (P < 0.001). When
the results were expressed as percentages of control blood flow,
there was a similar statistically significant difference between
controls and group A between 120 and 95 mm Hg. As can be
seen in Figure 2B, each decrease of 5 mm Hg in RPP resulted in
the same fall of RBF, indicating a passive fall in RBF without
significant changes in renal vascular resistance. At a pressure of
95 and 75 mm Hg, the RBF dropped by 18 and 37%,
respectively.
Two rats of this group showed autoregulatory capacity, one
with a constant RBF between a pressure range of 120 to 100mm
Hg and the other between the range of 100 to 80 mm Hg.
In group B, 8 out of 11 rats lost their autoregulatory ability. In
these rats, the mean RBF at a pressure of 120 mm Hg was 4.04
0.47 ml/min. The RBF at all pressure levels, except at 120
mm Hg, was significantly lower than in the control group (Table
1). The slope of the best fitted line between 120 and 95 mm Hg
(y = 0.182 + 0.032x; r = 0.98) was significantly different from
the control group (P < 0.00 1). In this group also (Fig. 2C) there
was a passive fall in RBF with a decrease in RPP in the range
between 120 and 75 mm Hg. At a pressure of 95 and 75 mm Hg,
the RBF dropped by 21 and 44%, respectively. The other three
rats were able to autoregulate the RBF between 120 and 95 mm
Hg. The RBF at 120 mm Hg in these rats averaged 5.23 ml/min.
tended to be higher in group B (134 mm Hg) than in group A
(128 mm Hg) and controls (129 mm Hg), this did not reach
Morphological studies
Control group. By light and electron microscopy, the sham-
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Fig. 2. Relationship between percent changes in RBF and RPP (mm
Hg). The mean RBF at 120 mm Hg is taken as 100% for each group. A
Control group. Linear regression line between 120 and 95 mm Hg is y =
78.2 + O.l8x; r = 0.98. B Group A. Linear regression line between 120
and 75 mm Hg is y = 9.0 + O.76x; r = 0.99. C Group B. Linear
regression line between 120 and 75 mm Hg is y = —8.0 + 0.90x; r =
0.99.
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Fig. 3. Photomicrographs of kidneys, embedded in paraffin, sectioned and stained with hematoxylin and eosin. A Renal con cx from control rat, 7
days after sham operation. Tubules show normal morphology. B Con cx from clamped kidney, after 7 days. There is marked dilation of all tubules,
particularly of proximal tubules, and flattening of the epithelium. C Medulla from control rat 7 days after sham operation. Tubules show normal
morphology. D Medulla from clamped kidney after 7 days. There is marked diminution of the number of nephron profiles and replacement by
fibrous tissue and inflamed cells, indicative of nephron atresia. (x230)
treated left kidneys exhibited normal glomerular, tubular, and
vascular structures (Figs. 3A, 3C, 4A, and 5).
Group A. Clamping of the left renal artery for 40 mm resulted
48 hr later in an extensive necrosis of the epithelial cells of the
proximal tubule (S1, S2, and S3 segments) and in lesser degree
also of the epithelial cells of the thick ascending limb of Henle.
Most of the straight proximal tubules contained amorphous
debris. The thin limb of Henle, distal tubules, and collecting
ducts contained numerous hyaline casts. Some infiltration of
inflamed round cells was noted mainly in the outer and inner
stripes of the outer medulla.
By light microscopy, the glomeruli appeared normal. The
ultrastructural appearance of the glomeruli by electron micros-
copy was within normal limits without fusion of the epithelial
foot processes (Fig. 6).
In all kidneys, the arcuate and interlobular arleries and
afferent arterioles demonstrated a focal and segmental necrosis
of smooth muscle cells and diapedesis of red blood cells. The
extent of vascular injury was variable. Of all arterial and
arteriolar profiles in a typical section, between 20 and 50% were
thus affected. Affected profiles usually showed necrosis of all or
a major fraction of the vessel wall, in a few vessels, necrosis
was confined to a small portion of the vascular wall. Con sider-
ations based on the geometry of the renal vasculature precluded
a more objective assessment. The adventitia at this time was
normal (Figs. 4B and 7). No qualitative differences between
lesions were seen in kidneys with conserved or impaired
autoregulatory capacity.
Group B. One week after the occlusion of the left renal
artery, all the proximal tubules were dilated and lined with a
flattened epithelium with some mitotic figures (Fig. 311). in the
medulla, extensive tubular atrophy, interstitial fibrosis, and
presence of inflamed round cells was noted (Fig. 3D). Marked
reduction in the number of patent, functional nephrons was
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Fig. 4. Photomicrographs of interlobular arteries from kidneys embedded in epoxy resin, sectioned 1- to 2-tx thick and stained with toluidine blue. A
Sham-operated kidney after 2 days showing interlobular artery (small asterisk) and proximal tubules (large asterisks). Arterial wall is normal and is
enveloped by a thin and wispy adventitia. B Clamped kidney after 48 hr showing interlobular artery (small asterisk) and necrotic proximal tubules
(large asterisks). Arterial wall is necrotic (arrows) and shows focal extravasation of dark staining red blood cells (arrow head). C Clamped kidney
after 7 days, showing interlobular artery (small asterisk) and tubules (large asterisks). The artery is enveloped by a markedly thickened tunica
adventitia. (x400)
Fig. 5. Electron micrograph of cortex, 7 days after sham operation, stained with uranyl acetate and lead citrate. An interlobular artery (asterisk) is
surrounded by a proximal tubule (PT), distal tubule (DT), and collecting duct (CD). The opposing pairs of arrow heads demarcate the meager
adventitia of the artery. Other abbreviations used: CAP, capillary; E, endothelium, SM, smooth muscle cell. (x3500)
indicated by extensive tubular atresia, causing a reduction in differences were seen between kidneys with and without auto-
the number of tubular profiles seen in the renal mass. Some regulatory capacity.
casts were scattered through the cortex and medulla. Again, no Glomerular structure was normal by light and electron ml-
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Fig. 6. Electron ,nicrograph of renal cortex, 2 days after 40 mm of ischemia. A glomerular capillary wall (CAP) is shown. The ultrastructural
appearance is within normal limits. There is no distortion of epithelial foot processes. The arrow points to the basement membrane. Other
abbreviations used: EP, epithelium; US, urinary space. (x37,000)
Fig. 7. Electron rnicrograph qf renal cortex 2 days after 40 mm of ischemia, stained with uranvi acetate and lead citrate. Two adjacent arteries (as-
terisks) are shown, both showing extensive necrosis of their medial smooth muscle cells (SM). Focal extravasation of red blood cells is seen
(arrow). The adventitia shows no changes. (x3500)
croscopy. At the vascular level, the most prominent finding was
the remarkable thickening of the tunica adventitia surrounding
the interlobular arteries and afferent arterioles (Fig. 4C). This
thickening was due to an increase in the number of fibroblasts
and the accumulation of thick bundles of collagen (Fig. 8).
These changes were qualitatively the same in all kidneys,
irrespective of their autoregulatory capacity.
Discussion
In rats, clamping of the left renal artery for 40 mm resulted 48
hr later in a severe oligo-anuric renal failure of the left kidney,
with maintenance of the RBF in the normal range and Impair-
ment of the RBF autoregulatory capacity in most rats. Seven
days after the clamping, renal function was still severely
depressed with only a slight. insignificant reduction in RBF but
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Fig. 8. Electron micrograph of renal cortex 7 days after 40 mm of ischemia, stained with uranyl acetate and lead citrate. A section of an
interlobular artery is shown with normal smooth muscle cells in the media, but extremely widened adventitia with increased numbers of fibroblasts
and numerous thick bundles of collagen (COLL). Other abbreviations used: SM, smooth muscle cells; LU, arterial lumen. (X4700)
a significant loss of autoregulation. Sham-operated rats exhibit-
ed normal renal function and RBF autoregulation over a pres-
sure range between 120 and 95 mm Hg. The inflection point of
the autoregulation curves in normal rats was situated at a
slightly lower perfusion pressure (90 to 95 mm Hg) than
previously reported (95 to 105 mm Hg) [101.
In this study, RBF was normal 48 hr following ischemia. In
contrast, Arendshorst, Finn, and Gottschalk [11] and Finn and
Chevalier [121 found severely decreased RBF, 22 to 26 hr and 1
week, respectively, after 1 hr of unilateral renal artery clamp-
ing. This is probably due to the different experimental condi-
tions, in which a milder degree of ischemia (40 mm) was used to
induce ARF in our studies. Our findings of severely depressed
renal function with maintained RBF and normal ultrastructural
glomerular morphology are in support of a primary role played
by tubular abnormalities (obstruction and/or back leak) in acute
ischemic renal failure in rats [9, 11—14].
The loss of autoregulation in this model confirms previous
observations in two different models of ARF in rats and dogs.
Direct administration of norepinephrine into the renal artery of
rats resulted in a loss of autoregulatory capacity, 7 days after
the initial insult [3]. In dogs, clamping of the renal artery for 90
mm also impaired the RBF autoregulatory ability, 18 hr after
the induction of ARF [21.
The causes or mechanisms by which the autoregulation is
abolished are not known. Based on the reduced GFR and
decreased tubular flow, Adams et al [2] postulated that interrup-
tion of tubuloglomerular feedback could be responsible for the
loss of autoregulation. However, this explanation is unlikely
with respect to our studies. Both at 48 hr and 7 days after
ischemia, there was severe compromise of tubular integrity,
manifested by necrosis and tubular obstruction due to atresia or
casts. Although the changes were not quantitated, or analyzed
in a blinded fashion, the equally striking and severe loss of
tubule integrity was easily observed in rats with or without
autoregulatory function. Moreover, there were no differences
with respect to GFR and urine flow in rats with or without RBF
autoregulation.
Whatever theory has been proposed to explain RBF autoreg-
ulation [15], autoregulation is basically an intrinsic vascular
function that governs the adaptation of the vasculature to
changes in perfusion pressure.
So, interference with the contractile properties of the vascu-
lature could be one of the factors in the loss of autoregulation.
The results of our morphological studies are consistent with this
possibility. Clamping of the renal artery for 40 mm results 48 hr
later in focal and segmental necrosis of the smooth muscle cells
of the arcuate and interlobular arteries and afferent arterioles.
At 7 days, a marked adventitial thickening and fibrosis was
noted mainly in the interlobular arteries and afferent arterioles.
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Vascular necrosis and adventitial fibrosis may impair the ad-
justment of arteriolar tone that is necessary for normal autoreg-
ulatory function. In this regard, it is also interesting to note that
in norepinephrine-induced ARF in rats, vascular sensitivity
toward acetyicholine and angiotensin II is decreased [81.
Some rats of groups A and B demonstrated autoregulation of
RBF after the ischemic insult. Morphologically, the vascular
lesions present in these rats were qualitatively not different
from the lesions in rats with impaired autoregulation. However,
this does not eliminate a role for vascular pathology as a
causative factor in the abnormal autoregulatory function. Be-
cause vascular necrosis was focal and segmental, precise quan-
titation of the lesion was not possible. Differences in the
severity of vascular pathology, not measurable by our tech-
nique, might very well account for preserved autoregulation in
some of the animals.
In this context, it is of interest that the renal vasculature of
the postischemic dog kidney (18 hr after ischemia) is compro-
mised with respect to autoregulatory function, but it responds
normally to exogenously infused vasoactive agents [2, 41. On
the other hand, 7 days following norepinephrine-induced ARF
in the rat, loss of autoregulatory function is accompanied by
diminished responsiveness to vasoactive hormones [81. Inter-
estingly, in the same model, renal denervation was shown to
improve autoregulatory function [161. In addition to species and
model variation, quantitative differences related to the focal
nature of the vascular degenerative process, and different target
sites for the agonists tested (arterial versus arteriolar) might
conceivably account for the above disparities.
The renal vascular pathology observed in this study is
comparable to that observed by Terry, Jones, and Mueller [71
after 75 mm of bilateral renal ischemia in rats. In that study,
focal and segmental arterial and arteriolar necroses were ob-
served between 4 and 96 hr after ischemic insult; also, between
10 to 40% of vessel profiles visible in a typical section were
affected.
In conclusion, acute renal ischemia induced by clamping of
the renal artery for 40 mm results in severe ARF with mainte-
nance of the basal RBF, impairment of the autoregulatory
capacity and, depending on the stage of disease, focal and
segmental necrosis and adventitia! fibrosis of the renal vascula-
ture. It is suggested that structural alteration in the contractile
vasculature could be one of the factors responsible for the
impairment of autoregulation. It is not known if failure of RBF
autoregulation occurs in human ARF, but this is a likely
possibility, Should this be true, the phenomenon could be of
clinical relevance. During the episodes of hypotension that
frequently mark clinical, human ARF, a nonresponding, patho-
logically altered renal vasculature might not be able to maintain
adequate perfusion to vulnerable areas in the kidney, leading to
fresh, focal tubular necrosis and thus prolonging the duration of
ARF.
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